Introduction
Foodborne Salmonella remains one of the primary causative agents of foodborne illness and continues to be considered an ongoing public health threat (Scallan et al. 2011) . Incidences of human salmonellosis cases have been attributed to a multitude of food products including animal, poultry and fresh produce sources (Foley et al. 2008 (Foley et al. , 2011 Hanning et al. 2009; Finstad et al. 2012; Howard et al. 2012) . Occurrences of Salmonella in meat products, dry foods and other food commodities also continue to present public health challenges for risk assessment (Rajan et al. 2017; Wu et al. 2017) . In addition, Salmonella entry and contamination during food production can occur at any step including in fresh produce fields and in animal feed (Pillai and Ricke 2002; Maciorowski et al. 2004 Maciorowski et al. , 2007 Park et al. 2008; Hanning et al. 2009 ). Given the public health importance and the need to decrease Salmonella exposure, there has been continued interest in developing identification and detection methods that are not only rapid but also have improved detection resolution. The importance of differentiating among the over 2500 serovars of Salmonella in addition to the continued need to reduce detection times has become apparent as research on Salmonella advances (Gal-Mor et al. 2014; Emond-Rheault et al. 2017; Lamas et al. 2018) . More in-depth resolution beyond the serovar level may be required as differences between individual Salmonella isolates with minor genomic alterations, such as single nucleotide polymorphisms (SNPs), may impact phenotypic characteristics. This appears to be true even for closely related strains within a particular serovar, such as Salmonella Enteritidis (Ricke 2017) . This distinction becomes important not only for tracking Salmonella strains to their point of origin in outbreaks but may also impact the ability to treat salmonellosis clinically.difficulties for the efficient recovery of bacterial cells and subsequent isolation of DNA for molecular-based detection methods. Further complications can arise when there is a carryover of antimicrobials into the recovery diluents and media of treated food or feed samples. This can lead to a potential decrease in the number of viable bacterial cells and an underestimation in the level of contamination in the original sample (Carrique-Mas et al. 2007; Wales et al. 2010) . Likewise, achieving representative sampling of large bulk food and animal feed products can be an overwhelming logistical exercise when Salmonella are infrequent and less than uniform in their distribution (Brehm-Stecker et al. 2009; Cox et al. 2011) . Overcoming these obstacles continues to be one of the major thrusts for further development and refinement of Salmonella detection methods.
Improvements in molecular detection methodologies have been made as well. The emergence and application of next-generation sequencing (NGS) in whole genome sequencing (WGS) has radically changed the approach for not only identification of specific Salmonella strains but has also had an impact on detection and serovar typing. Numerous comprehensive as well as more focused reviews in the last few years have been published on different aspects of Salmonella and other foodborne pathogen detection methods for foods and feeds, including both cultural and noncultural-based methods, such as immunological and molecular approaches (Call 2005; Maciorowski et al. 2005 Maciorowski et al. , 2006 Goldschmidt 2006; Jarquin et al. 2009; Levin 2010; Cocolin et al. 2011; Hoorfar 2011; Mandal et al. 2011; McLoughlin 2011; Ricke et al. 2013; Kuchta et al. 2014; Park et al. 2014; Bell et al. 2016) . Therefore, the current review will not attempt to provide a complete review of all rapid methods or historical and current methods for Salmonella detection but focus on recent technological advancements and potential issues associated with the application of these technologies. In addition, recent and emerging research developments in Salmonella detection and identification methodologies will be discussed along with their potential future application in food production systems.
Salmonella identification-epidemiological markers for subtyping
Serotype identification and subsequent classification of Salmonella isolates have historically been based on serological reactions of specific antibodies with characteristic antigens of the particular isolate (Grimont and Weill 2007; Li et al. 2013) . In the latest taxonomic classification scheme (Foley et al. 2013; Li et al. 2013; Lamas et al. 2018) , the Salmonella genus consists of two species that includes over 2500 serotypes, namely Salmonella enterica and Salmonella bongori (V). Salmonella enterica is further subdivided into six subspecies that includes enterica (I), salamae (II), arizonae (IIIa), diarizonae (IIIb), houtenae (IV) and indica (VI). While serotyping may appear to be somewhat of an academic exercise, it has utility for the identification of specific serovars associated with salmonellosis outbreaks and has biological implications as well, such as with serovar differences dictating host specificity (Foley et al. 2011 (Foley et al. , 2013 Li et al. 2013) . Likewise, differences in serovars and their respective strains can occur regarding metabolic, physiological and virulence traits as well. This can impact their respective responses to environmental stress responses as well as measures taken to limit their incidence in food animals and food products (Shah et al. 2011; Gonz alez-Gil et al. 2012; Lianou and Koutsoumanis 2013; Andino et al. 2014) . These phenotypic differences have been demonstrated to be detectable even among strains within the same Salmonella serovar (Shah et al. 2011 (Shah et al. , 2012 Gonz alez-Gil et al. 2012; Andino et al. 2014) . There is evidence that these differences may occur at the genomic level. Gonz alez-Gil et al. (2012) reported that while the virulence regulator gene hilA was detected in all Salmonella serovars and strains tested, expression levels differed depending on whether the isolates were exposed to mild acetic or hydrochloric acid.
All of this points to the need for subtyping as defined by Barco et al. (2013) in which bacteria are further characterized beyond the species and even subspecies level.
This requires the refinement of sequence methodology and improved genomic pattern recognition to become critical directions for developing in-depth nucleic acid analyses. A key consideration in the use of DNA sequencing data for subtyping is the quality of sequencing data that are used in the comparisons. Genome submissions to databases may vary in quality and impact the ability to accurately subtype strains, thus high-quality assemblies should be used to avoid including errors in analysis. Several different approaches have been developed to subtype Salmonella including through tools such as SeqSero and SISTR, which can analyse and categorize WGS data through serotype determinants or bioinformatically (Zhang et al. 2015; Yoshida et al. 2016) . These methods have been valuable to help understand the biology of Salmonella as well as likely provide important information on the epidemiological trends impacting public health (Simon et al. 2018) .
Nearly a decade ago, Boxrud (2010) surveyed the status of several contemporary subtyping nucleic acid-based methods and concluded that there were several criteria necessary for the adoption of a method. These included ease of use, rapidity, the ability to achieve high epidemiological agreement and comparability among distinct groups. Candidates for subtyping that have been considered over the years include several genome sequence identification-based approaches, such as SNPs, identification of repetitive DNA in multiple loci and WGS. The concept that SNPs could be used to delineate taxonomic differences in Salmonella is not new and has been assessed in several studies. Guard et al. (2016) have pointed out that the choice of particular SNPs is useful for subtyping closely related Salmonella strains because it captures the micro-evolutionary aspect of fairly minimal sequence differences in single genes leading to detectable changes in biological properties, such as pathogenicity. In an earlier work, Guard et al. (2011) identified 250 SNPs that could be used for differentiation among S. Enteritidis PT13a strains that varied in their ability to generate biofilms as well as contaminate eggs. Differences in SNPs may also be useful for other biological phenotypes, such as stress and metabolic responses. Shah et al. (2012) compared stress-resistant and stress-sensitive S. Enteritidis isolates and determined that one of the three stress-sensitive strains carried an insertion mutation in the rpoS regulatory stress gene leading to an internal stop codon and resulting in a defective gene. This led to speculation by Shah et al. (2012) that other small genomic polymorphisms could be the ultimate cause of these phenotypic differences in pathogenicity and stress responses in otherwise almost genomically identical S. Enteritidis strains. Along those lines, Fresno et al. (2014) detected serotyperelated polymorphisms in partial rpoB gene sequences in S. enterica. More recently, Guard et al. (2016) focused on SNPs in the gene for adenylate cyclase (cyaA) to differentiate S. enterica subspecies I. Their interest was due to the central role the enzyme plays in metabolism, as well as its requirement for virulence, its single occurrence in Salmonella and its mutation leading to detectable physiological alterations in Salmonella. They compared serovars S. Typhimurium, Kentucky, Enteritidis phage type PT4 and two variants of PT13a using allele-specific primer extension to identify the SNPs located within the cyaA gene. Validation studies were conducted using 25 poultry environmental isolates that constituted 11 Salmonella serotypes. Characterization of the cyaA gene led Guard et al. (2016) to conclude that there were a sufficient number of SNPs in the gene that a combination with intergenic sequence ribotyping would result in the correct identification of the corresponding serotypes and successful differentiation of subtypes.
Sequencing certain gene fragment regions ranging from a few to a few hundred base pairs (bp) of the Salmonella genome offers the opportunity to broaden the comparison beyond a limited number of sequences within a single gene. Multilocus sequence typing (MLST) has been applied as a means to differentiate isolates based on nucleotide sequence differences in sets of gene fragments 450-500 bp in length (Gerner-Smidt et al. 2013; Ricke et al. 2015) . The selection of gene fragments used for subtyping Salmonella has focused on various housekeeping genes. It has been suggested for MLST to be combined with other methods, such as VNTR (variable number tandem repeats), designated MLVA (multilocus variable number of tandem repeats analysis), to increase the resolution of closely related Salmonella isolates (Foley et al. 2006; Van Belkum 2007; Ricke et al. 2015; Fu et al. 2016) . The choice of VNTR sequences can be important for enhancing resolution. Vignaud et al. (2017) conducted an in silico genome analyses of S. Dublin to identify VTNR loci candidates that could be typed and would elicit optimal discriminatory and epidemiological agreement. The selected VNTR loci candidates, incorporated into an MLVA typing system, were compared with pulsed-field gel electrophoresis (PFGE) analyses of human and food isolates from three different collections of a raw milk outbreak. Based on these analyses, Vignaud et al. (2017) were able to successfully discriminate between epidemiologically related strains and sporadic case strains that had only revealed a single PFGE profile. Consequently, the authors proposed that a reference subset selected from the isolates screened in this study could be used to achieve consistent harmonized results among laboratories.
There are limits to typing methods based on MLVA alone. Fu et al. (2016) have pointed out that VTNRs within the same locus can mutate rapidly, altering the inferred phylogenetic relationships and limiting their usefulness for long-term epidemiological studies. In examining the VTNR mutation patterns of S. Typhimurium, Fu et al. (2016) used a genetic population model of the joint distribution of variation in SNPs and VNTRs to approximate their respective mutation rates. They calculated a ratio of 1 VNTR change to 6Á9 SNP changes which could be reduced to four or less pairwise SNP differences among isolates if only one VNTR repeat difference was included. They concluded that VNTRs mutated directionally towards repeat units of median size and suggested that future epidemiological outbreak studies should use a one repeat difference to enhance sensitivity. Combining MLVA with other typing methods has also been explored as a means to improve sensitivity. For example, Young et al. (2012) coupled MLVA with MAPLT (multiple amplification of prophage locus typing) to improve differentiation of S. Heidelberg isolates and overcome the narrow apparent clonal relatedness of the isolates from the same geographical regions and common phage types. Keeratipul et al. (2015) used a different approach to achieve high-resolution differentiation of S. Typhimurium isolates on the basis of allelic diversity at tandem repeat loci by combining MLVA with a high-resolution melting analysis (MLV-HRMA) technique that results from amplicon melting being dependent on GC content and overall base distribution.
In the search for ideal genome sequence targets, clustered regularly interspaced short palindromic repeats (CRISPR) regions, essentially considered as bacterial nucleic acid-based adaptive immune systems, have received considerable attention in the past few years (Horvath and Barrangou 2010; Bhaya et al. 2011; Wiedenheft et al. 2012; Shariat and Dudley 2014; Ricke et al. 2015; Wright et al. 2017) . The CRISPR-Cas locus consists of a CRISPR spacer array and CRISPR-cas genes (CRISPR-associated genes) with spacer arrays consisting of spacer sequences of variable lengths originating from plasmids or bacteriophages framed by variable tandem direct sequence repeats (Shariat and Dudley 2014; Wright et al. 2017) . CRISPR loci function has been described by Shariat and Dudley (2014) as essentially a stepwise process of the acquisition of new spacer DNA followed by generation of small interfering crRNAs, which cause degradation of foreign bacteriophages and plasmids via alignment of the Cas-crRNA ribonucleoprotein complex. This process also allows for the assessment of microbial evolution over time and may aid in assigning phylogenetic relationships among closely related organisms through the examination of differences accumulated over time as spacer sequences are added, lost and duplicated (Fricke et al. 2011; Shariat and Dudley 2014; Wright et al. 2017) . Along with differences in spacer acquisition between bacterial species, the ability to add new spacer sequences, lose spacer sequences and duplicate spacer sequences over time offers the measurable DNA element for assessing microbial evolution over time and assigning phylogenetic relationships among closely related organisms (Fricke et al. 2011; Shariat and Dudley 2014; Wright et al. 2017) .
The use of CRISPR sequencing as a quantitative phylogenetic tool makes it accessible for taxonomic identification applications as well. Bhaya et al. (2011) suggested that these CRISPR regions could serve as potential candidates for the epidemiological genotyping of closely related micro-organisms, and numerous studies have been conducted since then to examine this possibility. The application of CRISPR systems for pathogen subtyping has been discussed in detail in a review by Shariat and Dudley (2014) and will only be discussed briefly here with specific examples pertaining to Salmonella. Subtyping based on CRISPR appears to be a possibility for foodborne Salmonella. Fricke et al. (2011) compared the phenotypes and genomes of 17 newly sequenced nontyphoidal S. enterica genomes to 11 previously sequenced S. enterica isolates and concluded that CRISPR loci compared across the genomes of the S. enterica isolates corresponded to phylogenetic relatedness.
Combining CRISPR with other typing methods has been explored as a means to further improve the typing of Salmonella serovars. Liu et al.(2011) developed a MVLST (multivirulence-locus sequence typing) approach for subtyping by sequencing virulence genes sseL and fimH along with the CRISPR loci of 171 isolates from nine serovars originating from clinical outbreak samples. Based on sequencing, they concluded that virulence gene sequences could match up with serotyping, but could not differentiate between specific outbreaks. However, adding sequences from the CRISPR loci allowed for resolution at the outbreak level. In an expanded serotype survey, Fabre et al. (2012) screened the spacer content of two CRISPR loci across 130 Salmonella serotypes of species and subspecies most frequently associated with human infections. They concluded, after examining the composition of over 3800 unique spacers, that the content was highly related to both serotype and MLST. In a more focused study to delineate clinically important phenotypes with CRISPR pattern, DiMarzio et al. (2013) used the CRISPR-MLVST subtyping approach to delineate 76 S. Typhimurium isolates originating from animal sources to assess the spread of antibiotic resistance. They identified 22 sequence types and detected six predominant CRISPR-MVLST sequence types among the isolates. They observed differences in frequencies and patterns of antibiotic resistance among the six sequence types and concluded that CRISPR-MVLST typing could be used to track dissemination of antibiotic-resistant S. Typhimurium subpopulations. The CRISPR-MVLST typing approach has also been applied to differentiating subpopulations of other Salmonella serovars, including human clinical sources of S. Enteritidis and with outbreak isolates of the serovars S. Heidelberg, and Newport (Shariat et al. 2013a,b,c) .
Salmonella identification and epidemiology-WGS
Much of the historical Salmonella identification and classification research efforts have been directed towards a search for representative genes or loci in the genome that meet the criteria of being evenly distributed across all serovars, conserved from a molecular evolution standpoint and have sufficiently detectable sequence differences to allow differentiation at the individual strain level. These detectable differences are important for more than just identification and classification. As more sequence data became available for individual strains within a particular serovar, it was realized that even subtle changes in the genome sequence, such as with SNPs, could impact the corresponding phenotype and epidemiological relationships (Shah et al. 2012; Fu et al. 2016; Ricke 2017) . Due to the potentially large number of SNPs present on a given Salmonella genome, accurate assessments of comprehensive genomic phylogeny must consider the entire genome. Use of DNA microarrays and hybridization analyses offered early attempts to generate such comparisons and potentially align with serotyping and other phenotypic traits of clinical importance (Pelludat et al. 2005; Frye et al. 2006; Goldschmidt 2006; Kim et al. 2008; Scaria et al. 2008; Uttamchandani et al. 2009; Ricke et al. 2013; Park et al. 2014) . However, such approaches still relied on using known sequences to produce the array to compare with new isolates and remained restricted to only a comparative assessment at best. Techniques such as WGS are necessary to generate the sequence of new isolates to determine genomic compositional details and quantitatively compare with previously identified Salmonella isolates.
Ultimately, technological advancements in WGS have made in-depth sequence comparisons between the entire genomes of Salmonella strains more routine and the identification of new isolates more efficient. Consequently, the identification and classification of isolates have become much more complex as resolution continues to improve with the development and application of molecular genomic tools. This presents challenges in attempts to relate WGS data back to previously defined identification schemes based on serotyping and other phenotypic classification approaches. However, it is still important to make these connections between methodologies based on Salmonella serotyping and other biological properties because they can include highly relevant serotype-related characteristics, such as pathogenesis, interactions with the host immune system and metabolic properties related to stress responses.
Within the past nearly two decades, continuous improvements have advanced sequencing technologies to the point that NGS methods have become much more routine for WGS identification of micro-organisms (Park et al. 2014 Ricke et al. 2015 Ricke et al. , 2017 Hamdoun and Ehsan 2017) . Much of this was driven by the development of multiple sequencing hardware advancements, which have led to bench top models more amenable for smaller research laboratories (Quail et al. 2012; Fichot and Norman 2013; Escobar-Zapeda et al. 2015; Ricke et al. 2015 Ricke et al. , 2017 Comeau et al. 2017; Roumpeka et al. 2017) . As these sequencing platforms have become more commonplace, opportunities for the rapid assembly of microbial genomes has increased accordingly. Likewise, the variety of applications has increased beyond WGS with the emergence of 16S rRNA gene sequencing for microbial community genetic analyses using meta-profiling and metagenomic approaches (Escobar-Zapeda et al.
2015
; Comeau et al. 2017; Ricke et al. 2017) . Microbial community analyses may prove to be useful for the detection of Salmonella as well. Grim et al. (2017) developed a high-resolution 16S rRNA microbiome profiling approach for the detection of S. enterica in food samples using Resphara Insight, an ultra-high-resolution taxonomic assignment algorithm and sequence analysis pipeline for species-level 16S rRNA sequence identification. As the authors point out, development of such approaches takes advantage of the more economical microbiome profiling of microbial communities, which can be tracked in response to shifts in environmental conditions. Simultaneous tracking of Salmonella and overall microbial communities may have added importance as there may be interactions between Salmonella and animal gastrointestinal populations, such as in the poultry caecal microbiota (Ricke 2017) .
Application of NGS for WGS has also proven to have multiple uses beyond simple strain identification. When used in conjunction with transposon mutagenesis, Salmonella genomic input and output pools can be screened for conditionally essential genes after the organism has been exposed to an environmental condition of interest (Kwon et al. 2016) . Applications of these types of approaches can be used to reveal previously unknown Salmonella genes and functions of genes that are required for stresses associated with food production such as thermal and cold shock exposure or application of specific antimicrobials during processing and storage. More recently, Yang et al. (2017) constructed several strains of the same parent S. Typhimurium, each containing a unique sequence that did not alter the phenotype but allowed for environmental tracking of the resulting 'barcoded' subpopulations of otherwise genetically identical strains. Availability of these types of marked populations should prove useful for determining the primary routes of Salmonella systemic infection in animals and designing optimal methods to introduce vaccines.
While several applications are possible for NGS and Salmonella from a research perspective, the primary interest remains directed towards strain identification and its use for epidemiological outbreak comparisons (Park et al. 2014 Ricke et al. 2015; Bell et al. 2016) . The list of studies employing NGS continues to grow as the sequencing technology becomes more routinely accessible. A detailed discussion and listing of all the Salmonella WGS studies employing NGS will not be detailed here as other reviews have extensively covered these research and documentation efforts (Park et al. 2014 Ricke et al. 2015; Bell et al. 2016) . Instead, an overview of the incremental advancements in the use and interpretation of NGS as it relates to understanding Salmonella ecology and physiological responses will be discussed. The accessibility of NGS applications for conducting global epidemiology studies on large numbers of nontyphoidal Salmonella isolates was appreciated early on as a means for tracking origins and identifying potential reservoirs (Wain et al. 2013) . The global geographical aspect of dissemination is evident based on an examination of MLST and WGS patterns of S. Typhi. These patterns indicated the considerable impact of genomic content on successful vs unsuccessful widespread dispersal among strains, as well as their respective evolution over time (Yap et al. 2016) . Application of WGS has also helped to identify more localized geographical movement of serovars. For example, Kovac et al. (2017) used MLST and WGS to characterize the geospatial/micro-evolutionary expansion of the bovine serovar S. Cerro from the northeastern United States. to the southern United States They clustered their data into three distinct genomic clades, allowing them to assign an approximate timeline of when this divergence occurred.
Differentiating slight differences in strains of a single serovar was also recognized as being within the analytical capacity of NGS (Lienau et al. 2011) . Allard et al. (2012) used NGS technology to determine the phylogenetic diversity of S. Montevideo by comparing 47 strains of S. Montevideo and were able to differentiate strain-specific polymorphisms. It quickly became apparent that applying WGS to Salmonella strains from outbreaks not only enhanced the level of differentiation among otherwise indistinguishable isolates but could also be used to establish evolutionary patterns that corresponded to the appearance of particular strains in a given outbreak. In a series of WGS studies, Hoffmann et al. (2012 Hoffmann et al. ( , 2013 credited WGS as the critical tool for being able to successfully identify and differentiate S. Heidelberg epidemic clonal isolates from a large multistate outbreak that occurred in the United States in 2011. In a comprehensive follow up study on S. Heidelberg isolates collected over approximately 30 years, Hoffmann et al. (2014) compared outbreak strains with nonoutbreak strains to assess WGS alignment with SNPs and PFGE patterns as well as virulence assays to determine if pathogenesis properties had become enhanced in the outbreak isolates. They detected over 4000 SNPs within highly clonal S. Heidelberg isolates and based on WGS and SNP phylogenetic analyses, demonstrated that these results could be used to differentiate outbreak and nonoutbreak S. Heidelberg isolates that were grouped together by PFGE. They detected evidence for considerable movement of plasmids and bacteriophages among the S. Heidelberg isolates. This paralleled their relatedness to each other and revealed that antibiotic-resistant outbreak strains might have diverged from environmental isolates through the acquisition of virulence factors carried on certain bacteriophages. Matthews et al. (2015) also reported evidence for horizontal gene transfer among S. Enteritidis, Dublin and Gallinarum serovars when they identified, via WGS, the presence of several prophage cargo genes and pseudogenes. Based on the impact these genes had on virulence, they speculated that their presence could contribute to host specificity and that the evolution of these serovars occurred via acquiring new genes as a function of horizontal gene transfer. Salmonella evolution among and within serovar groups may be more complicated than initially realized. For example, Fricke et al. (2011) have suggested that CRISPR immunity serves as a defence mechanism against foreign plasmid and phage DNA, and could impact Salmonella sublineage evolution. In this context, it would be interesting to assess the influence of CRISPR elements on the evolution of the S. Heidelberg isolates characterized by Hoffmann et al. (2014) as well as other Salmonella outbreak isolates and serovars vs those not associated with outbreaks.
The advancement and implementation of DNA sequencing have expanded bacterial genomic data sets at an accelerated pace in the past few years. While the transition to WGS has provided the means to compare genomes across related clonal isolates of Salmonella implicated in outbreaks, there remains a need to create a standardized database. The concept of organizing the genome for a bacterial species was classified as consisting of a core genome composed of a pool of genes shared by all strains within a bacterial species and a pool of dispensable genes only present in some strains (Medini et al. 2005; Tettelin et al. 2008) . Collectively, the core and dispensable gene pools form a pan-genome that essentially defines a bacterial species or another appropriate taxonomic group, such as genus (Medini et al. 2005; Rouli et al. 2015) . A key part of the pan-genome is that the dispensable genome is not present in all strains of a bacterial species and thus represents the diversity within the species (Tettelin et al. 2008) . While the core genome is believed to be associated with the fundamental biological and phenotypic traits of the bacterial species, the dispensable genome includes genes associated with nonessential gene functions such as antibiotic resistance, niche adaptation and other strain-specific genes (Tettelin et al. 2008; Vernikos et al. 2015) . Pan-genomes can be classified as open or closed and depends on the particular bacterial species to acquire exogenous DNA among other factors (Medini et al. 2005; Rouli et al. 2015) . Bacterial species with open pan-genomes demonstrate ongoing refinement as more strain genomes are sequenced and new genes are identified, leading to continual adjustment of the defined pan-genome for that particular species (Tettelin et al. 2008) .
Given the emphasis on the need to improve typing methods for better resolution and subsequent identification of Salmonella isolated from outbreaks, there has been interest in developing pan-genomic approaches for clinically important serovars. However, the sheer number of serovars and the overwhelming number of potential strains per serovar presents a challenge to the systematic assignment of a standardized open core genome. In an early attempt at Salmonella genome classification, Suez et al. (2013) used comparative genomic hybridization microarrays to assess the virulence gene content of invasive nontyphoidal Salmonella serovars including isolates of invasive and noninvasive gastroenteritis-causing strains of S. Typhimurium and 11 additional serovars. To establish virulence phenotypes, they used a mouse model and in vitro tissue cultures to establish relative pathogenicity for the comparison of the invasive strains with the gastroenteritis-causing isolates. They established a 'Core' genome of 3233 genes present in all the strains examined, 1200 'Variable' genes which were not universally present in all serovars, and 115 genes not detected in any of the invasive strains and thus were considered as 'Absent'. Although Suez et al. (2013) were able to identify a common core of virulence genes, they also concluded that there was still considerable genetic and phenotypic heterogeneity among the strains.
Whole genome sequencing coupled with the application of specific computer programs has led to the improved resolution and interpretation of some of the heterogeneity that occurs in Salmonella genome classification. Laing et al. (2017) developed a software platform, Panseq, which allows for a pan-genome computational comparison of genome analyses including accessory genome presence and SNP profiles of shared core genomes. They used 4893 S. enterica genomes to compare the pangenomes and identify species-, subspecies-and serovarspecific markers using PANSEQ software and a SuperPhy platform. They detected a pan-genome of 25Á3 Mbp along with a strict core genome (1Á5 Mbp) found in all genomes and a conserved genome (3Á3 Mbp) in 96% of the genomes. Genomic marker analyses revealed S. enterica and subspecies-specific markers, but none of the serovars possessed unique distinguishing pan-genomes. However, they did detect genomic regions that could be considered statistically predictive of a particular serovar by being either universally present, absent or at least statistically over-or under-represented for a particular serovar. A different approach to resolve matching WGS data with serotyping has involved the use of specific computer platforms to identify the genomic regions encoding antigens that are used for conventional serotyping, assessing their variability and using that to predict the corresponding serotype (Zhang et al. 2015; Yoshida et al. 2016; Yachison et al. 2017) .
For several Salmonella serovars, ongoing WGS efforts have increased the number of strains to sufficient levels of overall data to be able to assign signature core genome clusters for individual serovars to be used for epidemiological subtyping. For example, Liu et al. (2016) developed a pan-genome allele database for S. Enteritidis from 395 genomes by setting up a web server to serve as a depository for WGS data originating from multiple laboratories. Computer programming was included to perform cluster assessment from whole genome MLST (wgMLST). When the resulting wgMLST pan-genome database was used to conduct cluster analysis and assign S. Enteritidis isolates from several outbreaks, they were able to successfully generate a dendrogram which aligned with the specific outbreak patterns.
As the ability to systematically assess Salmonella gene sequences for phenotypic characteristics of clinical and epidemiological importance and their corresponding roles in overall biological function, the need is beginning to arise for comprehensive data processing, interpretation and organization. Along those lines, a Canadian-based international Syst-OMICS consortium has recently committed to sequencing 4500 Salmonella genomes and incorporating those into a Salmonella Foodborne Syst-OMICS database (SalFos). In addition to providing molecular epidemiological data, the group plans to assess virulence levels, antimicrobial resistance and other traits of interest that could serve as potential novel targets for the development and application of various control measures in food. Systematic approaches such as this should lead to a better understanding of Salmonella in general and provide a more systematic means to process and evaluate newly sequenced Salmonella isolates. In addition, such approaches are anticipated to more efficiently incorporate newly acquired Salmonella WGS into evolving pan-genome data sets to improve the reliability of epidemiological markers for outbreak analyses. Further refinement of pan-genome baselines for serovars should help to standardize interlaboratory comparisons, especially when geographically widespread outbreaks occur.
Detection of Salmonella in food productiongeneral concepts
Recent advances in WGS technology described in the previous sections have the added benefit of providing a wide range of Salmonella serovar genome sequences, increasing the potential targets for designing specific primers for polymerase chain reaction (PCR) assays. While WGS provides the means to precisely identify and track Salmonella in food production systems, PCR methods are still of high practical value to the food industry by providing several key advantages such as speed, specificity, sensitivity, and cost-and labour efficiency (Park et al. 2014) . Developing PCR detection strategies involve not only serovar-specific delineation but also Salmonella detection at the genus level. This nonspecific genus-level detection is important to avoid the risk of PCR probes being too specific and missing a particular serovar that had not been anticipated based on the previous history of the food product in question. The other issues to be considered with PCR methodologies are associated with the complexity of the samples being prepared for detection. Often the issue for Salmonella detection is the relatively infrequent occurrence and low numbers in a typical food or animal feed product (Maciorowski et al. 2005; Schelin et al. 2013 ). This can be particularly problematic when samples are being retrieved from batches such as animal feeds that are typically prepared in large bulk quantities (Schelin et al. 2013 ). In addition, sampling and recovery can be problematic if Salmonella is physically attached in some fashion to the food or feed particles. Consequently, achieving accurate PCR analyses requires a level of sensitivity that can detect a few cells in complex food or feed matrices. The fundamentals and early application of PCR methodology have been discussed extensively in previous reviews (Maciorowski et al. 2005; Levin 2010; Kuchta et al. 2014; Park et al. 2014 Park et al. , 2017 . Therefore, only some of the more recent developments in PCR development and specific application to Salmonella detection in foods are discussed in the following sections.
PCR for differentiation of Salmonella serotypes and genomic diversity assessment
Developments for the further improvement of PCR methodology to enhance Salmonella detection sensitivity and specificity are generally focused on identifying specific gene(s) that represent optimal targets for differentiation among Salmonella serovars and strains. The application of WGS and related technologies has been particularly useful for identifying new PCR-typing targets. Xiong et al. (2016) focused on developing a PCR primer based on the flhB gene which encodes for the membrane protein FlhB, a part of the flagellar secretion system. Their rationale was based on the premise that since S. Pullorum and Gallinarum are the only nonmotile serovars, their flhB gene may have unique characteristics. To determine this, they examined the S. Typhimurium flhB nucleotide sequence as a potential PCR target for identifying S. Pullorum/Gallinarum and differentiating these serovars from non-S. Pullorum/Gallinarum isolates. They based the construction of the PCR primer flhB sequence on an NCBI nonredundant database search using the basic local alignment search tool (BLAST) algorithm. The analysis revealed a deficient region for flhB that was shorter than that of other serovars. Their one-step multiplex PCR based off of this primer was proven to be specific by correctly detecting S. Pullorum/Gallinarum against 27 other Salmonella serovars and 8 non-Salmonella isolates with a detection limit of no <10 colony-forming units (CFU). When applied to poultry farm samples, the newly developed PCR method concurred with traditional immunologically based serotyping. Colavecchio et al. (2017) delineated genomic differences between serovars by using a conventional PCR assay focused on examining diversity in the prophage integrase gene through the use of degenerate primer sets that aligned to its conserved regions. They chose 49 S. enterica strains including 19 clinical strains from two relatively clonal serovars, S. Enteritidis and Heidelberg, along with 30 other S. enterica isolates recovered from diverse food sources. After completing WGS on the 49 isolates, they analysed the genomes using a phage finder program, PHASTER, to identify prophages and their respective integrase genes. Phylogenetic comparisons were made based off of SNP differences between the core genomes and the genomic alignments of the studied prophage and integrase genes. Both the PCR assay and the PHASTER analyses were in agreement and indicated that there was more genetic diversity on prophage integrase genes among the various food serovar isolates than the clinical S. Enteritidis and Heidelberg strains. Based on this, they concluded that the prophage integrase PCR assay could be used as a rapid method to assess genetic diversity.
Multiplex PCR for simultaneous detection and typing of Salmonella from foods A multiplex PCR approach represents PCR methodology modifications that allow for more than one sequence target to be detected in a single reaction by amplifying target DNA via multiple primers (Park et al. 2014) . In addition, simplification of some of the assay steps makes multiplex PCR more user-friendly and offers possibilities for onsite field use. For example, Kim et al. (2017a) recently demonstrated that commercial FTA TM (Flinders Technology Associates, Whatman TM , Florham Park, NJ, USA) cards could be successfully used for extracting pathogenic Escherichia coli DNA for a multiplex PCR assay, eliminating the need for extensive laboratory-based DNA purification. For pathogens such as Salmonella, this has tremendous appeal given the wide range of serovars potentially present in a commercial food production system. However, there are still issues that limit the broad practical application of multiplex PCR for Salmonella detection in foods. These include cross-reactivity of primer pairs as well as sensitivity limitations associated with the procedure. These issues hinder the routine use of a multiplex PCR approach for reliable simultaneous Salmonella serovar detection when a large number of isolates are involved (Park et al. 2014) . However, there are strategies for the employment of multiplex PCR that still optimize the advantages associated with using multiple primers with only a single reaction, such as through the careful choice of primers and altering approaches for detecting individual PCR products. Xiong et al. (2017) followed up their earlier development of using the flhB gene as a PCR target for differentiating S. Pullorum/Gallinarum from other serovars by adding primers for tcpS, and lygD genes to develop a multiplex PCR capable of differentiating S. Dublin, Enteritidis and Pullorum/Gallinarum. Their choice of primer targets was based on previous genomic data conducted through a BLAST alignment search that identified tcpS as being present in all serovars, lygD in only S. Enteritidis, and flbB in S. Pullorum/Gallinarum in a truncated form. When they tested their multiplex assay against a battery of 27 Salmonella serovars and 8 non-Salmonella species, the assay accurately identified the target serovars with a detection limit of no <100 CFU. Likewise, when farm samples were collected and tested, the results corresponded to conventional serotyping. Park and Ricke (2015) employed a different strategy for the application of a multiplex assay and primer design. They reasoned that given the importance of the early detection of Salmonella on a food product regardless of the specific serovar, multiplex PCR may have an important use as an initial step to identify contamination issues in food processing facilities and their food products. Therefore, they developed a multiplex five primer set PCR assay that included a genus-level primer for all Salmonella, a Salmonella subsp. I primer for all Salmonella associated with disease in warm-blooded animals, and specific primers for three of the more prominent foodborne Salmonella serovars, namely, S. Enteritidis, Heidelberg and Typhimurium. Specificity of the respective primers was confirmed when tested against 23 Salmonella strains from different serovars and 12 nonSalmonella micro-organisms, with the multiplex PCR able to detect the respective serovars on inoculated chicken breast meat after growth in enrichment cultures.
Careful selection of primers can improve the chances of success, but in a review by Park et al. (2014) they concluded that incorporating more than five to six primer pairs in a single reaction becomes a challenge due to the increasing difficulty in optimizing PCR conditions and difficulty in differentiating PCR product sizes by agarose gel electrophoresis. Leader et al. (2009) were able to resolve some of these issues and expand the number of primers that could be included in the multiplex assay by using a 6-carboxyfluorescein-labelled universal primer to label all amplicons followed by separation using capillary electrophoresis. The 16 genomic targets for the multiplex assay were determined as a function of their differential distribution among the top 50 serovars and simultaneously amplified their respective regions in the multiplex assay. The resulting output was scored as a Salmonella multiplex assay for rapid typing (SMART) code for each isolate. When 751 isolates previously serotyped conventionally were compared with their respective unique SMART code, 66Á6% matched their unique serotype, and another 18Á5% matched their SMART code with multiple serotypes resulting in a total of 85Á1% correct matches.
Quantification of Salmonella and quantitative PCR
While the initial detection of Salmonella in food processing and products is clearly critical, the ability to quantify the Salmonella populations is also necessary for assigning exposure risk and assessing the relative efficacy of antimicrobials. Quantitative PCR (qPCR) possesses the ability to label and cumulatively quantify the generated PCR products at each cycle during the amplification process, resulting in an improved detection sensitivity of up to 100% depending on the food matrix (Park et al. 2014) . Because the enhanced sensitivity associated with qPCR leads to increased susceptibility to the inhibitors that are likely to exist in food samples, optimizing DNA extraction methods has been examined to limit PCR inhibitor contaminants (Pontiroli et al. 2011; Park et al. 2014) . Several extraction approaches have been developed, and commercial DNA extraction kits are readily available for the recovery of DNA suitable for qPCR and pathogen capture approaches such as immunomagnetic separation (IMS) (Park et al. 2014) .
Given the limits with PCR inhibitors, there have been several studies that have examined combining the detection and quantification power of qPCR with a culturalbased initial growth step. Schelin et al. (2013) compared a flotation-qPCR, a most probable number (MPN)-qPCR approach, and a qualitative cultural enrichment as pre-PCR processing methods for detecting S. enterica in naturally contaminated feeds. The flotation approach used centrifugation with discontinuous gradients to dislodge attached Salmonella cells, which were subsequently accumulated in the upper layers and subjected to qPCR and selective plating. The MPN-qPCR approach employed sequential dilutions of feed samples in combination with the corresponding amount of buffered peptone water (BPW). Differences in estimates for Salmonella were reported for the preprocessing methods, and the authors concluded that in addition to the methodological differences, the presence of nonculturable Salmonella and heterogeneous distribution on the feed could be factors as well.
Several attempts to streamline the quantitation of Salmonella from samples have included combining MPN with DNA probe detection (Pumfrey and Nelson 1991) , miniaturization of MPN using microtitre plates (Pavic et al. 2010; Berghaus et al. 2013 ) and combining MPN and qPCR (Schelin et al. 2013; Orlofsky et al. 2015) . Kim et al. (2017b) combined a microtitre plate MPN with qPCR to quantify S. Typhimurium in a mixed culture cell suspension from chicken carcass rinsate populations inoculated on chicken breast samples. Instead of BPW, they used tryptic soy broth (TSB) as the MPN media to shorten the incubation time required for Salmonella to grow in their MPN-qPCR-SIT (MPN-qPCRshortened incubation time) approach. Combined with qPCR, the entire time required for quantification was reduced to 7 h and could detect levels as low as 0Á18 log MPN per ml. Microbiome analyses were conducted on the mixed culture samples of the MPN incubation, and microbial composition shifted in the Salmonella inoculated samples during the incubation time with Salmonella and Enterobacteriaceae increasing in a parallel fashion. In future developments, using nonselective media in the MPN may have utility in allowing for more than just pathogen enumeration. This method may also be used to quantify indicator organisms that match up with pathogens but are present in much higher and more consistent levels. Likewise, incorporation of highresolution 16S rRNA gene microbiome profiling as described by Grim et al. (2017) could be used to improve the detection resolution of Salmonella in a mixed culture MPN as an initial step prior to applying Salmonella-specific PCR assays.
Choice of pre-enrichment media prior to conducting PCR analyses may be a critical factor influencing whether estimated Salmonella populations closely reflect the viable cells in the sample. Several factors can influence the accurate recovery of viable cells. Carrique-Mas et al. (2007) demonstrated that antimicrobials could be carried over into the diluents if not sufficiently neutralized and cause decreased or 'masking' of the actual numbers of viable cells, ultimately leading to an underestimate. Use of selective media can be problematic as well. Singer et al. (2009) and Gorski (2012) demonstrated that certain serovars might outgrow and outcompete other serovars, potentially generating bias in terms of the proportions actually recovered vs the levels present in the original sample. Using Luria-Bertani media, Calo et al. (2015) demonstrated that the spent media of certain S. Heidelberg strains could inhibit the growth of S. Typhimurium. Future research will need to make more comparisons among serovars and their respective growth kinetics on growth media to identify which media would most likely to reduce growth bias among serovars.
Conclusions
Salmonella continues to be one of the primary foodborne disease-causing organisms both in the United States and worldwide. As NGS technology improves and gains acceptance as a tool for detailed characterization of Salmonella serovars and strains, the resolution for outbreak delineation will also improve. The detailed definition of what constitutes a pan-genome in a Salmonella serotype will help with standardization among laboratories and provide information on both the geographical nature of an outbreak as well as the evolution of related strains isolated from the outbreak. The ability to align phenotypic characteristics with the corresponding genomic composition will not only help to define the pan-genome but may also provide better targets for control measures to limit the dissemination of Salmonella and initial colonization in food animals. As these data sets grow and become more complex, advanced training in bioinformatics, computer programming analytics and cybersecurity will become more critical for the workforce in the food industry as well as food safety regulatory professionals Thompson et al. 2017) .
The routine introduction of WGS has also advanced molecular-based detection methods for Salmonella, providing better gene targets for developing PCR assays that are more precise for specific serovars and strains. While molecular technologies continue to remove limitations hindering better discrimination of Salmonella to the serovar and even the strain level, issues associated with achieving representative sampling, accurate quantification and developing field-friendly, economical versions of laboratory molecular assays remain to be resolved (Cox et al. 2011) . Further technological development and commercialization should expedite solving some of these limitations. As efforts to make molecular technologies such as NGS more user-friendly and cost-effective, it is anticipated that widespread adoption of these approaches will become more universally implemented in the food industry.
